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Abstract 
Carbon Capture and Storage (CCS) aspects can be combined with enhanced oil recovery (EOR) aspects for 
environmental responsibility and project economics. Oil Field in Pattani Basin, Gulf of Thailand is one candidate for 
this process integration. However, because of unique field characteristics like the number of reservoirs, and lack of 
data on fluid composition, and rock properties, full detailed reservoir simulations are hard to accomplish. Hence, this 
study proposes the use of numerical simulations with generalized field parameters to briefly quantify the potential for 
integrating CCS and EOR in Pattani Basin oil reservoirs. GEM composition reservoir simulator was used for 
comparison of six operating conditions: 1) Natural Production, 2) Waterflooding, 3) Gasflooding, 4) Single Cycling 
Water Alternated Gas (WAG), 5) Double Cycling WAG, and 6) Simultaneous Water Alternated Gas (SWAG).  
Two levels fractional factorial experimental design techniques were applied to reduce the number of required 
simulation runs. Central composite design was utilized additionally if assumptions in the fractional factorial design 
were violated. By using statistical analysis, important input parameters called factors were determined. Regression 
analyses of important factors to responses of interests (incremental recovery factor, required gas injection volume and 
gas storability) were used to establish a metamodel.  
Our results suggest that for general Pattani Basin oil reservoirs the most preferable technique is SWAG method 
with CO2 injection because it provides highest recovery factor and gas storage volume. Using a higher CO2 portion in 
SWAG injection stream can further increase recovery factors. When using natural gas as the injection gas, the most 
preferable method in terms of recovery factor is the double cycling WAG method followed by the single cycling 
WAG method.  
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1. Introduction 
Pattani Basin is one of the important oil and gas accumulation basins in Thailand where a complex 
fault system is reflected by thousands of compartmentalized small fluvial sandstone reservoirs. Deviated 
wells have been placed just behind the fault to maximize the productivity of the reservoirs (Fig. 1).  
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Fig. 1. Pattani Basin Petroleum System 
 
The current EOR method is waterflood along faults via commingled injection. Other type of EOR 
such as gas flooding, which is one of the most accepted and widely used methods, has not been evaluated 
yet. Often gas flooding involves the injection of volumes of gas alternated with volumes of water (WAG), 
or the simultaneous injection of water and gas (SWAG). For reservoir with coarsening downward grain 
size like Pattani Basin reservoirs, WAG and SWAG are promising methods to improve oil recovery over 
waterflood. WAG and SWAG methods can displace gas on upswept attic oil. Within gasflood methods, 
there are many operating alternatives like selection of gas source, processing rates of the reservoir, WAG 
inject stream switching criteria, and SWAG water fraction. Due to its relatively low investment cost, 
natural gas can be used as the injection gas. However, CO2 released to the environment constitutes 
another important gas source. CO2 can provide higher incremental oil recovery than natural gas. This can 
compensate for the investment in the construction of CO2 capture systems. Contrary to the use of natural 
gas, loss of CO2 in the reservoir is beneficial to the environment. Hence, this research focuses on the use 
of both gas sources, natural gas and CO2. 
Because of small reservoir size, expensive reservoir properties from Special Core Analysis and 
Pressure-Volume-Temperature Analysis (PVT Analysis) for all compartmentalized reservoirs are hard to 
be obtained. Thus, detailed information on reservoir properties to run simulations for Pattani Basin oil 
reservoirs is not available. To overcome this difficulty, correlations formulated based on readily available 
data from well logs, surface Gas Oil Ratio (GOR), etc. are used to estimate properties of Pattani Basin oil 
reservoirs. Another difficulty in studying Pattani Basin reservoirs comes from its complex geology. 
Reservoirs are deep and thin, so the shape of reservoirs is hardly recognized via seismic data. Because of 
these constrains, carrying out a full detailed reservoir simulation study is a clear case of using sledge 
hammer to crack a nut. Instead a generalized reservoir shape, drainage area and well location values were 
used for reservoir modelling. This approach is reasonable since accuracy in this case focuses on a group 
of reservoirs rather than on an individual reservoir. To validate the simplified model, natural production 
and various waterflooding scenarios were simulated and the results were compared to standard recovery 
factors of currently producing reservoirs. The standalone gasflooding, WAG and SWAG scenarios were 
also simulated to see the effect of gasflooding.  
  Due to the large number of uncontrollable factors like reservoir properties and controllable factor 
like operating conditions, fractional factorial design and central composite design were utilized. The final 
product of this study is a metamodel which is a mathematical correlation of input parameters called 
factors to simulation outputs called responses [1]. 
2. Design of Experiments and Methodology 
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To develop the metamodel, factors were sampled from the domain of interests. Then, sets of 
sampled factors were inputted into the numerical simulator for response calculations. After all sets of 
samples were calculated, impact of factors to responses was quantified and the metamodel was created. 
In this study, Resolution IV fractional factorial design and Face-Center Central Composite Design 
were utilized in the sampling process. Since only some factors provide statistical significant responses, 
forward stepwise regression or the extra sum of square method was used to identify important factors at 
5% significance level. The following methodology was followed in this study [2]: 
1. Create experiment tables by using Resolution IV Two Levels Fractional Factorial Design and 
centerpoint experiment. Sparsity of effect principle was employed; therefore more than three factors 
interactions were neglected. Then, define values for high and low levels of each factor. 
2. Input the set of factors as per experiment table to numerically calculate the responses.  
3. Use Analysis of Variance and Forward Stepwise Regression to identify important factors and important 
interactions at 5% significance level. The metamodel can be formulated by linear regression analysis. If 
the interaction appears to be an important effect, the associated factor will be included into the model as 
per Hierarchical Principle. The metamodel from this step will be in the form of (1) 
 
0+ 1A+ 2B+ 3C+ 4AB+ 5AC+ 6BC+...   (1) 
 
where y is the simulation response, n are coefficients of factors. Capital letters (A, B or C) represent 
coded factors ranging from -1(low level) to 1(high level).  
4. Check normality of residuals from the metamodel by normal probability plot. If residuals are not 
normally distributed, apply Box-Cox Method for power family response transformation. Repeat step 4 to 
create a regression model which will be in the form of (2) 
 
y = ( 0+ 1A+ 2B+ 3C+ 4AB+ 5AC+ 6BC+...)1/     (2) 
 
where  is the power family exponent which minimizes the Sum Square of Error after transformation. 
5. Create a foldover experiment table if important interactions are alias. Then, repeat step 3 and 4.  
6. Check linear model validity by using results from centerpoint experiments. If it is not valid, do a Face-
Center Central Composite Design. Then, run the numerical simulation and formulate the metamodel by 
non-linear regression for a second order polynomial model (3). Important factors can be identified by 
using the extra sums of square method at 5% significance level.  
 
0+ 1A+ 2B+ 3C+ 4AB+ 5AC+ 6BC+ 7A2+ 8B2+ 9C2+...  (3) 
 
7. Once a complete metamodel has been created, it can be used for decision making processes. 
3. Study Factors 
 There are a number of factors both controllable and uncontrollable. High (+1) and low (-1) values 
were assigned to each factor as per fractional factorial design technique. High and low levels of reservoir 
rock properties were assigned based on the construction of Cumulative Distribution Function (CDF) from 
597 sands in 6 sampled well sat P10 and P90 of the CDF. Controllable factors like operating alternatives 
were assigned based on standards of practice. List of study factors is as follows: 
 Factor A: Average Horizontal Permeability (k). 
 Factor B: Dykstra Parsons Coefficient ( ) 
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 Factor C: Reservoir Dip Angle 
 Factor D: Reservoir Fluid Gas Oil Ratio (GOR) 
 Factor E: Reservoir Depth 
 Factor F: Reservoir Thickness 
 Factor G: Maximum Reservoir Processing Rate  
 Factor H: Injected Gas CO2 Composition  
 Factor I: WAG Watercut (WC) Switching Criteria   
 Factor J: WAG GOR Switching Criteria  
 Factor K: SWAG injection water percentage   
 In SWAG methods, water and gas are injected simultaneously. Low and high values of injected 
volumes of water correspond to 10% and 90%, respectively. . Injected gas was assumed to be composed 
of CO2 and CH4. A low value of 10% of CO2 concentration was assigned to represent natural gas injection, 
while a high value of 90% of CO2 concentration was assigned to represent CO2 injection. 
4. Generalize Reservoir Model 
Reservoir was generalized and characterized by 40 x 20 x 15 grids bound with closed boundaries. 
Each grid has a horizontal dimension of 20 m x 20 m. This is equivalent to standard Pattani Basin 
development wells of 400 m well spacing with 40 acres/well drainage area. Grid thickness depends on 
reservoir thickness factor. Two wells were completed top to bottom and were located at 150 m away from 
a fault boundary. Fig. 2 shows the reservoir geometry with a zero degree dip angle factor. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Generalized Reservoir Geometry 
 
Relative permeability was characterized by applying averaging techniques [3] to 7 samples. Spiteri 
and Juanes [4] suggest using Hysteresis model and STONE I model to capture hysteresis effect in WAG 
processes modelling; therefore, 3D Hysteresis Model and STONE I model were selected for relative 
permeability calculations. Land s value was assigned based on 2 samples obtained from gas-water and 
water-gas relative permeability measurements. 
Fluid characterization was originated from 10 oil samples for which PVT data from experiments was 
available. The correlation of fluid composition to GOR was straightforwardly established. Then, by using 
WINPROP® Phase Property Program [5], each sample was modelled by adjusting component properties 
and interaction coefficients to match Constant Composition, Differential Liberation and Flash 
Experiments. Fig. 3a is an example for Differential Liberation Experiment matching with one sample. 
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Next, fluid properties like Oil formation Volume Factor, Oil Viscosity, Oil Specific Gravity and bubble
point pressure were simulated at various pressure and temperature conditions. As a result, correlations of 
the properties and GOR were established at each pressure and temperature condition. Fig. 3b is an 
correlations were established, the characterized fluid model was refined by adjusting component 
properties and interaction coefficients with the property values from correlation.
Fig. 3. (a) Example of PVT Experiment Matching; (b) Example of Fluid Properties Correlation 
5. Results
5.1. Natural Production
Under Natural Production, both wells were produced by reservoir natural energy until depletion. Seven
factors from Factor A to Factor G were studied to observe the effect on response RF (Recovery Factor).
The resulting metamodel for Natural Production is shown in (4) 
RF = (0.61 - 0.01A - 0.02 B - 0.28D - 0.004E + 0.04DE - 0.016BD)-2 (4)
To validate the metamodel, RF calculated with (4) was compared against RF values of reserves
booking (10% RF). The calculated RF from typical input value was 10.4%. This is close to 10% RF of 
reserves booking. Hence, it can be inferred that the metamodel (4) and the methodology of generalized 
modelling are valid.
5.2. Waterflood
Initial production came from a downdip well. Once, average reservoir pressure decrease by 200 psi, the
downdip well was converted to water injector and updip well was used as a producer. Water injection was
continued at a unit Voidage Replacement Ratio. Once production watercut reached 80%, the injector was 
shut in and the updip producer was continued to produce without pressure support until depletion. The 
resulting metamodel is shown in (5)
Dif. Lib Calc After Regression
G
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il R
atio (scf/stb)
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e
Pressure(psia)
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 RF = 24.39 + 1.22A - 9.39B + 4.62D -1.07E - 0.56DE - 4.47B2 + 0.59E2  (5) 
 
The calculated RF was 23.2% compared to 20% RF of oil reserves booking. The 3.2% difference is 
caused by the assumption that the reservoir continued producing even after water breakthrough. This post 
breakthrough production accounted for an average of 1.9% RF in numerical simulations. These results 
further validate the metamodel (5) and methodology employed. 
5.3. Gasflood 
Gas injection stopped after producing GOR exceeded 5000 scf/stb. Then, the reservoir was produced in 
blowdown (BD) mode by the updip producer. Factor H (CO2 composition of the injected gas) was 
included in the evaluation, so in total 8 factors were accounted for in the calculation of responses. 
Because the selection of gas source has an effect on CCS and oil recovery outcomes, Injected Gas 
Volume per Original Oil In Place (GI/OOIP), Injected Gas Recycling Percentage (REC%), Blowdown 
Recovery Factor (BDRF), and Blowdown Injected Gas Recycling Percentage (BDREC%) were also 
included in the calculation of responses. By following the methodology, the metamodel was created. 
Table1 shows calculated responses for typical values of factors in Pattani Basin. 
5.4. WAG 
Water was injected from downdip well after reservoir pressure decreased by 200 psi. Once water cut 
hit WAG WC Switching Criteria Factor, a water injector well was switched to gas injector. Gas injection 
continued until production GOR hit WAG GOR Switching Criteria Factor. After stopping gas injection, 
the reservoir was produced under blowdown mode. Ten Factors from Factor A to Factor J were included 
in the calculations of responses. Similar to gasflooding, metamodels of five responses were created as 
described in the methodology section. The calculated responses from typical factors values are shown in 
Table1.The study was extended to observe the behaviour of double cycling injection. Water and gas 
injection volume in single cycling WAG were equally divided for making a double cycling process. 
Metamodels were also created. Calculated responses from typical factors values are shown in Table1.  
5.5. SWAG 
Water and gas were simultaneously injected from the downdip well at a specific ratio of injection 
stream reservoir volume. Once either producing watercut exceeded 80% or producing GOR reached 
5000 scf/stb, one of the two phases was removed from the injection stream and the reservoir pressure 
was maintained by the injection of a single phase. The injection continued until the remaining criterion 
was hit, then injection was stopped and reservoir was produced in blowdown mode. The metamodels of 
five responses were created. Calculated responses for typical factors values are shown in Table1. 
Table 1. Calculated Responses at typical factors value 
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6. Discussions 
The development of metamodel was intended to be applied at each individual reservoir level. 
Therefore, effect of reservoir properties and operating conditions were statistically taken into account 
when rolling up the responses to injection facility level where investment required. The rolling up process 
of this metamodel to actual list of reservoirs list is beyond the scope of this study. However, to 
demonstrate the utilization of the metamodel, all reservoirs were assumed to have uniform properties and 
typical values of the currently producing field.  
6.1 CO2 vs Natural Gas 
Although CO2 flooding was immiscible in this study, in standalone gasflooding and SWAG, 
utilization of CO2 could increase RF by 3%. In WAG, changing the concentration of CO2 hardly effected 
RF. Independent from concentration of CO2, Blowdown Recovery Factor was approximately 3% OOIP 
with all gasflooding methods. The tradeoff issue between oil production and CO2 reproduction is 
interesting, especially during blowdown production. For every barrel of blowdown oil by SWAG and 
gasflooding, 25 and 50 Mscf of CO2 would be reproduced, respectively. If injection gas is assumed to be 
CO2, SWAG is the most preferable technique from both recovery and CO2 storage point of views. With 
blowdown production, SWAG can provide up to 33% RF when using low water fractions in the injection 
stream. By injecting natural gas, 70 to 80 % of the injected gas volume can be reproduced and 
commercialized.  If the injection gas is natural gas, double cycling WAG provides the highest RF of 30%. 
However, 100 MMscf of commercial gas would be lost in the reservoir for1 MMstb OOIP. Although, 
single cycling WAG provides a lower RF of 28%, gas lost is only 60 MMscf for 1 MMstb OOIP. The 
price of oil and gas can be utilized to do tradeoff analysis for selecting the operating method.   
6.2. Single Cycling vs Double Cycling WAG 
In comparison to single cycling WAG where gas trapping in the reservoir increases, double cycling 
WAG provides 1-2 % additional RF. 
6.3. Waterflood vs Gasflood 
Response Gasflood Single Cycling  
WAG 
Double Cycling 
 WAG 
SWAG 
 Injected Gas CO2 Concentration 
 10% 90% 10% 90% 10% 90% 10% 90% 
 
RF (%) 
 
19.5 
 
22.0 
 
25.5 
 
25.4 
 
26.2 
 
25.9 
 
24.6 
 
27.0 
 
GI/OOIP(scf/stb) 
 
420 
 
600 
 
330 
 
450 
 
330 
 
450 
 
470 
 
470 
 
REC%(%) 
 
60 
 
64 
 
38 
 
35 
 
40 
 
36 
 
50 
 
40 
 
BDRF(%) 
 
2.8 
 
3.3 
 
2.2 
 
2.8 
 
3.6 
 
3.6 
 
2.6 
 
2.6 
 
BDREC%(%) 
 
22 
 
28 
 
44 
 
27 
 
31 
 
24 
 
20 
 
14 
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 Using natural gas as injection gas, standalone gasflooding provides less recovery than waterflooding. 
However, almost a RF of 7% can be achieved with double cycling WAG or a RF of 5% with single 
cycling WAG. This increment recovery can be applied to mature waterflooding reservoirs. Water injector 
with high reservoir gas pressure can also benefit from dumpflooding the gas to the water-out reservoir 
(similar flood mechanism to WAG). This is feasible if injection facility is too expensive. SWAG with 
CO2 at low fraction of water can provide additional 10% RF over waterflooding. 
7. Conclusions 
By using the design of experiment technique, metamodels were developed to fit Pattani Basin oil field 
conditions. Factors ranged from reservoir properties like permeability, degree of vertical heterogeneity, 
etc. to operating alternatives like maximum reservoir processing rate, injected gas CO2 Composition, etc. 
Although, Recovery Factor was the primary target response, required gas volume injection and injected 
gas recycling fraction were also included in the analysis. Reservoir s geometry and well placement were 
modelled with generalized values which match the area development plan. Six operating methods 
including natural production, waterflood, gasflood, single cycling WAG, double cycling WAG and 
SWAG were covered in this study. Calculated Recovery Factors using the metamodel were crosschecked 
with actual values of the field.  
To briefly understand the potential, all reservoirs were assumed to have the same geological property 
values. Under this condition, the most preferable technique with CO2 injection is the SWAG method, 
because it provides highest recovery factor and gas storage volume. Using a higher gas portion in SWAG 
injection stream can further increase Recovery Factor values. By using natural gas as an injected gas, the 
most preferable method in terms of Recovery Factor is double cycling WAG. The second best Recovery 
Factor results from single cycling WAG where trapped gas volume in reservoir was a lot less than with 
the double cycling method. Because natural gas is a commercial gas, gas price and oil price are important 
to justify the most economical method. 
With natural gas injection, standalone gas flood provide lower recovery factors than waterflooding. 
The metamodel can also be used as a proxy estimation of unconventional flooding like gas dumpflood. 
Gas dumpflood on matured waterflood reservoir is a potentiality alternative, especially if the well has 
high pressures gas reservoir.  
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